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I. INTRODUCTION

At a particular location behind a gun muzzle, a pressure trans-
ducer may record signals which arrive at transducer location only after
diverse and varied interactions--with ground plane, with trails, with
other blast waves, or with shields or obstructions from its own or from
neighboring weapons. This means that a measurement of the "static" or"side-on" pressure whereby the measuring gage is aligned to the flow
direction is practically an impossible feat over the duration of signi-
ficant overpressure levels from the blast, since flow direction is
changing in a manner depending on the various disturbances to the
primary flow, Nevertheless, various people must have accurate infor-
mation on these overpressures, pat'ticularly HEL and the Surgeon
General's personnel who must lok out for protection of gun crews, and
weapon designers who must attempt predictions and assess the effects of
weapons with and without various muzzle devices.

The present series of tests had the purpose to determine the effect
of imperfect alignment of the measuring transducer to the blast wave
direction, Thus, there might exist an optimum blast gage to measure
these lvelc of overpressi.ia which would read, even at some misalign-
ment, close to the true side-on overpressure. It is of value to find
or describe such a gage, if it exists. The confidence level would be
enhanced in measurement over extended duration, as is often required.
To approximate the blast loadings simply and predictably, gages were
exposed to the quasi-steady pressures behind a shock in the BRL shock
tube. A number of currently used blast gages and gages mounted in
typical housing shape4 were exposed to the shocked flow. A brief
description of the shock tube and supporting recording apparatus follows,
As well as some features of the various blast gages and housings used.

II. INSTRUMENTATION AND EXPERIMENT

A. Shock Tube

The BRL shock tube is a 57.5 cm (22.5 in) diameter tube going via
an area-preserving transition section to a 51 cm (20 in) square cross
sectional area test section.' The shock tube has velocity monitoring
"gages in its walls, the signals from which are entered into an on-line
system to compute the overpressures behind the shock. Experience has
shown velocities measured are within 1% of predicted values.

1, G. A. Coulter and B. Bertrand, "BRL Shock Tube Facility for the
; iiSimulation of Air Btaot Effects," Ballistic Research Laboratory

Memorandwti Report 1685, August 1965. AD 456689.
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A transducer under test was hooked up to standard signal condi-
tioning equipment. The signal then is fed into the basic signal
acquisition equipment--a Honeywell 7600 Analog Tape Recorder with a
Visicorder Strip Recorder to monitor and "quick-look." Several
Nicolet digital oscilloscopes also monitored and "quick-looked" at
each test run. The analog tapes are digitized off-line and processed
to give pressure-time traces. Recording and processing are in accor-
dance with standards set in Reference 2, The resulting data are pre-
sented in the next sections, grouped according to gage type or housing.
First, however, we describe the mounting and positioning of gages in
the test section.

B. Transducer Mountin.%

The gage mount is a metal arm or strut which hangs down from a
circular close-off plate in the top wall of the test section, as
sketched, Figure 1. The mounting holds the gage at tube centerline.
The circular close-off plate is indexed to indicate angular settings
with respect to tube axis, The gage orientation in degrees will be
understood to be the angle between shock tube axis and (outward) normal
to sensor/gAge surface. Depicted, for example, is a gage in cylindrical
holder at 0 angular setting, corresponding to "face-on' or normal
incidence. A second examplS, following the prescribed nomenclature,
depicts a pencil gage at 90 or "grazing" incidence.

In the shock tube wall at approximately the test station location
is a fixed reference pressure gage, to give the true incident side-on
pressure for every shot. Additionally, where test gage cor',iguration
permitted, the test gage was placed in the tube side-wall for certain
of the shots to check response to true side-on pressure and to use as
a normalizing value for the gage at other orientations.

R. G. A. Coulter et al, "Standariisation of Muzzle Vast Ovespreaure
Moaeuremente," Baltiatic Research Laboratory Special Publication
ARBRL-SP-00014, Apr'il 1980.
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C. Transducers

The transducers available represented several different types of
sensing element: quartz, ceramic, and semiconductor. Housing types
were chosen to represent transducers 1) simply screwed into a holder,
2) baffled types such as discs or pancakes, and 3) pencil types.
Figures 2-4 show the gage and housing types tested. All of the first
group of Figure 2 were tested in the cylindrical holder shown, with a
portion (about 0.5 cm) of the transducer case extending past the end
of the holder. The Kistler transducer had a small taper from the
cylindrical holder to the bare case. Figure 3 shows the disc baffle,
into which transducers were directly mounted. The pancake type gage
was one commercially available. Figure 4 shows the two pencil probe
type transducers which could be directly mounted into the test mount.
For reference, additional details of the transducers are given in the
Table I.

D. Experiments

The experiments required exposing the gages to various pressure
loadings, at fixed grazing orientation, as it would be in a field
situation; then, exposure at a fixed loading as orientation of gage
was changed.

The shock tube was operated as an air - air driven shock tube.
The pressure range chosen was from 20.7 kPa to 103.4 kPa (3 psi to
lg psi) faxing at grazing incidence, while orientations ranged from
0 to 150 (as well as a few 180 shots), fixing at 34.5 kPa (5 psi)
pressure. Note that in the context of hearing risk assessment
the 5 psi level corresponds to about 185 db. This exceeds the "Z"
curve of Mil. Std. 1474B (MI) for B-durations greater than about 5 ins.
Thus, the gage is measuring over or near the upper allowed limits of
,most medium and large caliber weapons.

Table II gives the test matrix for the gages available. In the
heart of the table are the identifying shot/run numbers mostly for
BRL reference; they may not be consecutive because of other tests.

9
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III. RESULTS

As mentioned, results for the gages are grouped according to type
of sensor or housing -- i.e., cylindrical, disc or "pancake," or pencil.
Comparison records for different gages within the types are shown.
Additionally, the complete shot series for a representative sensor of
a group are shown.

A. Cylindrical Type

In Figure 5 are shown typical pressure-time records for gages incylindrical holders at or near grazing incidence to the flow, as might
be attempted in a field measurement. The reference pressure is 34.5 kPa *

(5 psi)*, A characteristic to be noted in the traces is the lower value
of pressure compared to the reference pressure, after some initial peaks.
At increasing incident pressure levels, the pressures recorded become
even lower, as exemplified in Figure 6, middle trace.

The gages here are apparently recording some effects of the cylin-
der's disturbance to the oncoming flow. Over the cylindrical surface
the (steady, suibsonic, isentropic) flow slows at the cylinder nose,
then speeds up over the cylinder surface. Meanwhile, the pressure in-
creases at the nose, then decreases as the flow expands around the
cylinder, in accoroance with the Bernoulli relation. The decrease in
pressure over the cylindrical surface, together with possibly other,
effects, such as boundary layer transition and shifting of separation
points, also tending to lower the pressure, must be convected over the
end sensor surface to yield the lowered pressures as measured. At
increased incident pressures one expects faster flows, yet greater
expansions, and hence even lower pressures to be recorded compared to
the reference. We note that an analytic description of the end flow
over a cylinder is not available.

Additionally, one should remark on the poorer (lower) response of
the Kistler gage--a 6mm (1/4 in) diameter cylinder--relative to the
ST-2 gage--a 12.Smm (1/2 in) diameter cylinder. The Kistler gage
presents less obstruction to the flow but apparently gives the flow
less "recovery time" from the expansion over the end surface edges.

Typical records are shown in Figure 6 for the transducer response
at the extreme orientations and (over) pressure levels. At face-on or
0' flow incidence one sees the initial, transient shock reflected pulse,
then the decay to the stagnation pressure. At this level the reflected
pulse is about 2.3 times the incident or side-on pressure, whereas the
stagnation pressure is only about 12% higher, as the graph of Figure 7
shows (based on ideal, isentropic flow). At increasing angles, going
to grazing or 900 incidence, the reflected pulse will go through a

•The reference wall pressure trace is labeled "19CB" since it is read
out by a PCB quartz gage.
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maximum near 5W° flow incidence, indicating a change of shock structure
to Mach stem or triple shock formation. Thereafter, the reflected levels
drop monotonically to the side-on value at grazing incidence. These
features for the very localized, two-dimensional sensor surface are well
known for the planar reflections of shocks in air 3' 4 and values for the
reflected pressure ratio vs. incident pressure and angle are reproduced
in Figure 8.1

At flow incidence angles beyond grazing, i.e., with the sensor
facing more or less backwards to the flow, one might expect a base-flow
type of measurement, for which, depending on the pressure level and
gage geometry, expansions around to the base region could lead to
pressures lower than true side-on. Such is seen in the bottom record
of Figure 6. In Figure 9 is presented a complete shot series for the
ST-2 gage tested of this group. Figure 9a compares the sidewall response
of the gage with the reference PCB gage, also mounted in the sidewall.
The following Figures 9b-g are a set using a fixed 34.5 kPa (5 psi)
incident overpressure level and observing the response as the gage
orientation is varied with respect to the direction of shock propagation.
Figures 9h-l illustrate the response at a fixed side-on orientation as
the incident pressure level is varied. The specific test conditions
are given on the top of each trace.

B. Disc and Pancake Tvye

Results from the disc and pancake type transducer holders are
shown in Figure 10 for near grazing incidence (850 - 950). Both
records from the disc holders follow the side-on reference record
reasonably well, as does the pancake gage record at 95*. However, at
850 and 900 the pancake gage record developed peaks and valleys similar
to those recorded with the cylindrical holder.

"Figures Il and 12 show the changes in pressure recording for the
extremes of orientation and pressure tested. The disc holder of Figure
11 appears to work poorly at the extreme orientation as might be expected
since the holder represents a large disturbance to the flow, but does
work quite well at the highest pressure tested, at grazing incidence.

3. J. von Neumnann, "O•lique Re.teotion of Shocse" But•eau of Ordnance
Explosives Research Report 12, 1943.

4. H1. Polachek and R. J, Seeger, "Regular Reflection of Shocks in
Ideal Gasee," Bureau of Ordnance Explosives Research Report 13,
1944.

5. S. Gaasetone (Editor) The ffeteos 2f Nuclear Weao n. Dept. of Army
Pmnphlet 39-3, April 19-61
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The pancake transducer, Figure 12, performed poorly, also, at the extreme
orientation. At grazing incidence a small initial peaking seemed no
worse at the maximum pressure tested than at the minimum. Figure 13
exhibits the response of a PCB pancake-type gage for the complete shot
series.

C. Pencil Type

Figure 14 shows records from the two types of pencil transducers
tested, at near grazing incidence (850 - 951). The pressure traces
from the LC-33 follow the reference pressure traces quite well except
for the slower rise time. The sensitive element of the transducer is
large compared to the other transducers tested. Thus flow "crossing times"
are longer, and a slower initial rise in pressure sensed is a result.
It should be noted that the ceramic sensor element of the LC-33 is
sensitive to ambient temperature and would require on-site calibration
Just prior to its use in any tests. At the least, a temperature cor-
rection would be needed. (The same comments apply to the ST-2 since it
also has a ceramic element.)

The LC-33 was relatively insensitive to extreme angle variations
as seen by Figure 15. It was most inaccurate at 0 and 1500 flow
incidence angles. At grazing incidence the extreme pressure levels
were tracked very well, it is seen. The flat side of the ST-7 at 00
and 1500 flow incidence responded much as did the disc holders, having
an initial (but much narrower) peak at these angles; however, the ST-7
worked very well at near grazing angles.

Figure 16 shows results for the ST-7 with the flat held in 'up *
position--grazing to the flow--then yawed from the vertical plane
(notation: 90 0-(yaw angle)). The pressure level is 34.5 kPa. The
ST-7 gave comparable results at the 50 yaw angle, as well as performed
well at the highest test pressures. Figure 17 shows the response of
an LC-33 pencil-type gage for a complete shot series.

IV. SUMMARY AND CONCLUSIONS

A fairly extensive comparison testing of blast transducers is
presented. A number of transducers mounted in various housings or
holders--cylinder, disc, pancake, and pencil--were exposed to a
series of shock waves from the BRL 57.5 cm shock tube. Both the
angle of shock incidence and the incident (over) pressure levels were
varied during the tests.

Pressure-time records from each of the transducer configurations
were compared for each shot to the output from a flush-mounted reference
transducer in the shock tube wall.

14
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Fit-

The cylindrical holder caused a low pressure deviation, even at
grazing incidence of flow, from the reference pressure after the initial
shock front passage. The deviation became worse as the incident pressure
was increased.

The disc holder gave almost no disturbance at grazing incidence of
flow for the pressure levels used. However, the large reflecting surface
at non-grazing angles caused quite large deviations from the true side-
on pressure.

The pancake transducer of the tests did not perform quite as well
as the disc at any of the test conditions. Overshoot peaks occurred at
grazing incidence. This was probably caused by the long bevel leading

V, to the sensor element side of this particular transducer.

Both the pencil transducers performed well at angles near grazing
incidence. The LC-33 suffered from a slow rise time because of its
relatively large sensing element. The ST-7 suffered from peaks and
pressure dips at the extreme orientations.

In general, none of the trarnsdu.cer configurations tested had the
ability to measure pressures accurately independent of orientation.
None seemcd to be clearly superior at the levels and orientations tested.
A disc-type .oider does offer the possibility of measuring side-on blast
pressures accurately in a single plane--the plane of the disc. Any
angular flow deviation out of the plane beyond ± 50 from grazing in-
cidence will cause distortion of the true side-on pressure-time profile.
For simplicity and convenience, either the pencil-type or cylindrical
transducer may be adequate, with due regard given to risetime and low
readings (and temperature corrections). (The LC-33 pencil gage has
been ruled out according to the recommendations in Reference 2 due to
element size and resonant frequency. Were a higher resonant frequency
sensing element available, the recommendations in Reference 2 may be
premature.) Development of an accurate, omnidirectional blast transducer
seems yet in the future.

.7.
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Figure 2. Miniature Transducers:

a. Front-.Endevco; Middle--ST-2; Back--PCB

b. In Cylindrical Holder and 12.5mm Diameter Adaptor
as Required
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Figure 3a. Transducer in Disc Mount

b. Pancake Type Transducer
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